To investigate protein import into the mitochondria of Dictyostelium discoideum, green fluorescent protein (GFP) was fused as a reporter protein either to variable lengths of the N-terminal region of chaperonin 60 (the first 23, 40, 80, 97, and 150 amino acids) or to the mitochondrial targeting sequence of DNA topoisomerase II. The fusion proteins were expressed in AX2 cells under the actin-15 promoter. Fluorescence images of GFP transformants confirmed that Dictyostelium chaperonin 60 is a mitochondrial protein. The level of the mitochondrially targeted GFP fusion proteins was unexpectedly much lower than the nontargeted (cytoplasmic) forms. The distinction between targeted and nontargeted protein activities was investigated at both the transcriptional and translational levels in vivo. We found that targeting GFP to the mitochondria results in reduced levels of the fusion protein even though transcription of the fusion gene and the stability of the protein are unaffected. [
Most mitochondrial proteins are encoded by the nuclear genome and synthesized in the cytoplasm prior to their import into the organelle. Mitochondrial preproteins can traverse either one or both mitochondrial membranes to reach their final destination in one of the four subcompartments: the outer membrane, the intermembrane space, the inner membrane, and the matrix. These preproteins possess a specific targeting sequence that generally resides at the N terminus, called the presequence, which is essential for recognition by the mitochondrial import apparatus and is removed upon import by mitochondrial-processing peptidase in the matrix. Mitochondrial presequences do not share any primary sequence identity, but they are enriched in positively charged, hydroxylated, and hydrophobic amino acids and have the ability to form an amphiphilic ␣-helix. In a helical wheel projection, the positively charged amino acids localize on one side of the helix, while the opposite side is uncharged and hydrophobic (36, 37, 42) . This amphiphilic ␣-helical structure is critical for mitochondrial import, as Tom20, a component of the TOM complex (translocase in the outer mitochondrial membrane), recognizes the hydrophobic surface and Tom22 recognizes the hydrophilic surface (3). The energy for protein translocation through the mitochondrial membranes is provided by the membrane potential across the mitochondrial inner membrane and ATP (34) .
The mitochondrial import apparatus is a very dynamic, multisubunit system that has been extensively studied over the past years (33) , but the mechanism of preprotein delivery to the mitochondria is not well understood. One of the open questions concerning mitochondrial protein import is whether import is initiated during or after the completion of protein synthesis in the cytosol, i.e., whether protein import into mitochondria occurs in a cotranslational or posttranslational manner. The mechanism of mitochondrial protein import has been extensively studied using in vitro import reactions, and according to in vitro observations, most mitochondrial proteins can be successfully imported posttranslationally (15, 25) . Furthermore, disruption of the mitochondrial membrane potential in vivo can result in accumulation of proteins that are able to be imported into mitochondria following the reestablishment of the membrane potential. This shows that translation and import are not necessarily coupled (35) .
However, several lines of evidence suggest the involvement of cotranslational protein import at least for some mitochondrial proteins (40, 24) . Firstly, after cycloheximide-induced translational arrest in yeast cells, ribosomes synthesizing mitochondrial proteins were found associated with isolated mito-chondria (18) (19) (20) . Secondly, under normal growth conditions, unprocessed mitochondrial precursor proteins are usually not detectable in yeast cells, and mitochondrial protein import can be instantaneously stopped by the inhibition of protein synthesis (1, 7, 8) . Thirdly, methotrexate, an antifolate reagent, was able to block the import of a fusion protein consisting of the mitochondrial targeting signal of yeast cytochrome oxidase subunit IV fused to the mouse dihydrofolate reductase (DHFR) in vitro but not in vivo. This indicates that full-length precursor proteins do not exist in the cytosol in vivo and that, therefore, protein synthesis and import are very tightly coupled (7) . In contrast, another study reported that aminopterine binding to a DHFR fusion with cytochrome b 2 arrested the import of up to 80% of the fusion protein in vivo in yeast cells (44) . This result suggested posttranslational import for a major proportion of the DHFR fusion proteins and left open the possibility of cotranslational import for the remainder. Thus, the available evidence suggests that in vivo, cotranslational as well as posttranslational protein import into mitochondria can occur.
Recently, in both mammalian and yeast cells, the nascent polypeptide chains destined for mitochondria were reported to be associated with a complex in the cytosol, called the nascent polypeptide-associated (NAC) complex (43, 11) . Subunits of both the NAC complex and its homologue, the ribosomeassociated complex (10) , are required for normal mitochondrial protein import, suggesting that they play an active role in targeting the complexes to the vicinity of the mitochondria (9, 11) and that the nascent peptides need to be in the vicinity of the mitochondria for efficient sorting of proteins into the organelles. Not only are nascent mitochondrial polypeptides targeted to the mitochondria but also the specific mRNAs for at least some proteins appear to have cis-acting signals which direct their translocation to the mitochondrial surface (17, 38) . For example, the 5Ј N-terminal coding region and 3Ј untranslated region (UTR) of ATM1 mRNA contain cis-acting signals which can direct heterologous RNA molecules to the mitochondria in vivo, and this mRNA targeting is independent of the translation of 5Ј sequence (5, 26) . As a result, mRNA targeting to the vicinity of the mitochondria can be regarded as a prerequisite for cotranslational protein import into mitochondria.
Overall, the reports on cotranslational protein import mainly support the biological existence of this import mechanism at least for some mitochondrial proteins. In this paper, we report the first in vivo studies of mitochondrial protein import in the social amoeba Dictyostelium discoideum. Using green fluorescent protein (GFP) as a reporter, we found that translation of mitochondrially targeted GFP fusion proteins is limited by the process of mitochondrial protein import. This novel phenomenon of import-associated translational inhibition suggests that GFP import is cotranslational, a hypothesis supported by the finding that GFP mRNA is associated with isolated mitochondria. The translation of another test protein, aequorin, was found, by contrast, to be unaffected by import into the mitochondria, and the aequorin mRNA did not associate with the mitochondria. The results suggest that whether or not a polypeptide is imported cotranslationally into the mitochondria depends upon whether or not its encoding mRNA is transported to the mitochondrial surface.
MATERIALS AND METHODS
Construction of GFP and aequorin fusion genes by spliced overlap extension PCR. The GFP coding region and variable lengths of the chaperonin 60 Nterminal region were amplified by the PCR from the corresponding cDNA clones, pA15GFP (6) and pPROF129 (23) , respectively. In the primary PCR, cDNA synthesis was carried out using gene-specific primers designed to amplify various lengths (which encode the first 23, 40, 80, 97, and 150 amino acids) of the chaperonin 60 N-terminal coding sequence. The amplified fragments were fused in frame at the 3Ј end with 38 bp of the GFP N-terminal coding sequence that had been incorporated into the 3Ј end primer. Similarly, gene-specific primers were also used to amplify the full-length GFP coding sequence (0.7 kb) fused in frame at the 5Ј end with primer-incorporated 30 to 33 bp of the 3Ј end of variable lengths of the chaperonin 60 N terminus. Specific primers used to generate these PCR products are listed in Table 1 . In the secondary PCR, both the PCRamplified chaperonin 60 N-terminal fragment and the full-length GFP coding sequence with corresponding overlapping regions were used together as templates to amplify the final fusion gene. A GFP fusion with the first 82 amino acids of Dictyostelium mitochondrial DNA topoisomerase II (topA) was constructed in a similar manner using a cDNA clone (pTOPA-1) (22) to amplify the TopA N-terminal sequence. Amplifications were carried out for 35 cycles with standard denaturation, annealing, and extension temperatures (94, 60, and 72°C, respectively), with various extension times depending on the size of the target sequence. Restriction enzyme recognition sites of EcoRI, ClaI, and XhoI (Table 1) were incorporated into primers to obtain the final fusion product with EcoRI-ClaI (5Ј end) and XhoI-EcoRI (3Ј end) sites for cloning purposes. After gel purification, the final PCR products were cloned into the EcoRI site of pZErO-2 (Invitrogen) and verified by sequencing. Finally, the fusion products were subcloned between the ClaI and XhoI sites of the Dictyostelium expression vector pA15GFP, where they replaced the original GFP gene. The resulting constructs were designated pPROF294 (expressing Cpn23.GFP), pPROF295 (expressing Cpn40.GFP), pPROF296 (expressing Cpn80.GFP), pPROF297 (expressing Cpn97.GFP), pPROF298 (expressing Cpn150.GFP), and pPROF299 (expressing TopA82.GFP). In each of them, the expression and termination of the fusion gene are regulated by the Dictyostelium actin-15 promoter and actin-8 transcription terminator, respectively. The vector backbone contains a G418 resistance marker expressed under the actin-6 promoter. In a similar fashion, aequorin fusion constructs were made using the chaperonin 60 N-terminal coding sequences (the first 23, 40, and 150 amino acid coding sequences), an N-terminal sequence of topA (the first 82-amino-acid coding sequence), and an N-terminal sequence of Dictyostelium mitochondrial nucleoside diphosphate kinase (ndkM) (39) (the first 60-amino-acid coding sequence).
Transformation and cell culture. The transformation of Dictyostelium wildtype strain AX2 with the constructed plasmids was carried out as previously described (30) . Individual clones were purified by streaking on Klebsiella aerogenes lawns on nutrient (SM) agar containing 20 g/ml G418 and then grown in 24-well Costar plate wells (Nunc) containing 0.8 ml HL5 growth medium supplemented with antibiotics (20 g/ml G418, 100 g/ml ampicillin, 25 g/ml kanamycin, 10 g/ml streptomycin, and 5 g/ml tetracycline). Axenic growth of larger volumes of the transformants was carried out at 21°C in antibiotic-supplemented HL5 medium on an orbital shaker (150 rpm). For growth on bacterial lawns, individual transformants were grown with Klebsiella aerogenes on G418-supplemented SM agar plates at 21°C, and the vegetative amoebae were harvested from the clearing lawn in ice-cold sterile saline by washing four times at 3,000 ϫ g for 30 s to eliminate bacteria.
Growth experiments (determination of the generation times). Growth experiments were carried out with axenic culture of Dictyostelium cells in HL5 medium without antibiotics. During axenic growth, cell numbers were counted every 10 to 12 h using a hemocytometer. Generation times were determined by linear regression analysis of the logarithm of the cell counts during exponential growth versus time. The regression analysis was conducted in R (The R Project for Statistical Computing, http://www.r-project.org/), a free software implementation of S, an environment for statistical computing and graphics (4) .
Fluorescence microscopy. Fluorescence microscopy of Dictyostelium cells expressing GFP was performed according to the procedure described previously (13) with the following modifications. Briefly, following the growth of the vegetative amoebae up to log phase in HL5 media on sterile coverslips in six-well plates (Nunc), the mitochondria were labeled with 100 nM MitoTracker Red (CMX-Ros; Invitrogen Molecular Probes) in LoFlo HL5 (3.85 6 .5]), cells were fixed and flattened at the same time by placing the coverslips upside down on a layer of 1% agarose in phosphate buffer containing 3.7% paraformaldehyde for 30 min. After fixation, the cells attached on the coverslips were washed four times (5 min each) in standard phosphate-buffered saline prior to permeabilization in prechilled (Ϫ20°C) methanol. The coverslips were then washed again four times in phosphate-buffered saline and mounted for microscopy.
Fluorometry. GFP fluorescence was measured quantitatively on suspensions of washed cells using a Turner Biosystems Modulus fluorometer with the blue module.
Isolation of mitochondria. Isolation of mitochondria on a small scale was carried out with around 10 7 cells in an Eppendorf tube using the mitochondria isolation kit (Pierce) according to the supplier's instructions. For the isolation of mitochondria on a large-scale, Dictyostelium cells were grown axenically in 1 liter of culture. During the exponential growth phase, cells were harvested at 3,000 rpm for 5 min in a Sorvall GSA rotor and washed once with ice-cold sterile saline. The cell pellet was resuspended in 9 volumes of HBD buffer (5 mM KPO 4 [pH 7.5], 2 mM MgCl 2 , 1 mM 2-mercaptoethanol) and kept on ice for 1 h with gentle shaking. Once the cells were swollen, as observed microscopically, they were homogenized by vortexing at high speed with 1/5 volume of glass beads (425 to 600 m; Sigma) for 2 min or until most of the cells were broken (confirmed microscopically). Mannitol-sucrose buffer (2.5ϫ; 0.525 M mannitol, 0.175 M sucrose, 5 mM Tris-HCl, 5 mM EDTA, 5 mM MgCl 2 , pH 7.5) was added to the homogenized cells to a 1ϫ concentration. The suspension of the broken cells was centrifuged at 3,000 rpm for 10 min in a Sorvall SS-34 rotor. The supernatant fraction was saved, and the homogenization procedure described above was repeated once with the pellet, followed by the centrifugation at 3,000 rpm for 10 min in a Sorvall SS-34 rotor. The supernatant fractions were combined and centrifuged at 15,000 rpm for 15 min (Sorvall SS-34 rotor) to sediment mitochondria. The crude mitochondrial pellet was washed once with mannitolsucrose buffer and was further purified on a sucrose gradient as follows: it was resuspended in SHB buffer (250 mM sucrose, 20 mM HEPES, pH 7.5), overlaid on a discontinuous gradient of 60%, 45%, 28%, and 5% sucrose in SHB buffer, and centrifuged at 14,000 rpm overnight in a Beckman 50Ti rotor. Mitochondria were collected at the 28 to 45% interface, washed twice with excess SHB buffer, and kept in the same buffer as a thick suspension at Ϫ70°C until needed. In some experiments, the mitochondria were additionally washed three times at 4°C with an EDTA-containing buffer (30 mM Tris-Cl [pH 7.4], 10 mM EDTA, and 5 mM 2-mercaptoethanol) to release loosely bound mitochondrion-associated polysomes (5). Each wash was carried out by resuspending the mitochondria in the buffer, followed by a 10-min centrifugation at 12,000 ϫ g. From the homogenization step onwards, all procedures were performed at 4°C.
Northern hybridization. Total and mitochondrion-associated RNA were extracted using the TRIZOL reagent according to the supplier's instructions (GIBCO BRL) from exponentially growing Dictyostelium cells and isolated mitochondria, respectively. For Northern hybridization, extracted RNA was fractionated on 1% agarose gel in either formaldehyde containing morpholinepropanesulfonic acid (MOPS) buffer or Tris-acetate-EDTA buffer and transferred onto a Hybond Nϩ nylon membrane (Amersham) using 20ϫ SSC (1ϫ SSC is 0.15 NaCl plus 0.015 M sodium citrate). Transferred RNA was hybridized at 42°C in the presence of 50% (vol/vol) formamide with digoxigenin (DIG)-labeled DNA probes (DIG; Boehringer Mannheim) and detected with alkaline phosphatase-conjugated anti-DIG antibody using nitroblue tetrazolium color detection (Roche). DNA probes for Northern hybridization were obtained by PCR amplification.
SDS-PAGE and Western blot analysis. Whole-cell and mitochondrial extracts were prepared in the sample buffer for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were resolved in a 12% gel using the Bio-Rad MiniProtean II apparatus. For Western analysis, SDS-PAGE gels were blotted onto a nitrocellulose membrane (Osmonics, Inc.) using the Bio-Rad Mini Trans-Blot electrophoretic transfer cell. Nitrocellulose membranes were probed with the following antibodies: rabbit polyclonal antibodies against GFP (1:5,000) (Invitrogen Molecular Probes), rabbit polyclonal antibodies against a synthetic peptide consisting of the first 18 amino acids of Dictyostelium chaperonin 60 precursor protein, which had been conjugated to keyhole limpet hemocyanin (1:5,000) (Mimotopes), and rabbit polyclonal antibodies against Dictyostelium succinate dehydrogenase subunit A (SdhA) (1:5,000). Immunoreactive bands were visualized with anti-rabbit immunoglobulin G coupled to horseradish peroxidase followed by detection using the AEC Chromogen (3-amino-9-ethylcarbazole in N,N-dimethyl formamide) kit (AEC-101; Sigma). 
.GCGGAATTCCTCGAGTTAGGGGACAGCTCCACCGTAGAGCTTTTCGC
a Cpn60, chaperonin60 (hspA); Ndk, nucleoside diphosphate kinase (ndkM); Ndk60, the first 60-amino-acid coding sequence of ndkM. All forward primers are 5Ј primers and all reverse are 3Ј primers. For example, Cpn23.GFP (reverse) primer is the 3Ј primer to amplify the first 23-amino-acid coding sequence of chaperonin 60 fused in frame at the 3Ј end with the first 38 bp of the GFP coding sequence, whereas Cpn23.GFP (forward) is the 5Ј primer to amplify the full coding sequence of GFP fused in frame at the 5Ј end with the 3Ј end of the first 23-amino-acid coding sequence of chaperonin 60.
b Restriction enzyme recognition sites, underlined in Cpn60 (forward) and GFP (reverse), are EcoRI-ClaI (5Ј-3Ј) and EcoRI-XhoI (5Ј-3Ј), respectively. Sequences in boldface type are of hspA (chaperonin 60); double underlined and highlighted sequences belong to topA and ndkM, respectively.
[
35 S]methionine labeling and immunoprecipitation of radiolabeled GFP. Dictyostelium vegetative cells were harvested in log phase, and 3 ϫ 10 7 cells were resuspended in 1 ml HL5. [ 35 S]methionine was added to the cell suspension to a final concentration of 0.6 mCi/ml (555 MBq/ml; Amersham Biosciences), and cells were radiolabeled for 3 h on an orbital shaker (150 rpm). At hourly intervals, an equal volume of cell suspension (ϳ333 l) was withdrawn and divided into two aliquots. For one aliquot, the total protein was extracted using the sample buffer for SDS-PAGE and was used to detect total radiolabeled proteins. The protein extraction from the second aliquot was carried out using NP-40 lysis buffer (50 mM Tris [pH 6.8], 120 mM NaCl, 0.5% NP-40, and protease inhibitors) and was used to immunoprecipitate GFP. For immunoprecipitation, after an overnight incubation at 4°C with rabbit polyclonal antibodies against GFP (Invitrogen Molecular Probes), the protein extract was further incubated with protein A-Sepharose (Sigma) for 2 h at 4°C. The Sepharose beads with attached GFP-antibody complexes were washed four times with a wash buffer (20 mM Tris [pH 8.0], 1 mM EDTA, 0.5% NP-40) supplemented with 0.9 M NaCl and once without NaCl. Finally Sepharose-attached antigen was subjected to SDS-PAGE analysis. Detection and quantification of the radioactive signals were carried out using a Storm PhosphorImager (Amersham Biosciences).
In vivo stability of GFP fusion proteins. From 100 ml of axenic culture of exponentially growing Dictyostelium cells, 9 ml was withdrawn to which dimethyl sulfoxide and sodium azide were added to final concentrations of 10% (vol/vol) and 0.2% (vol/vol), respectively, and mixed by inversion. This withdrawn sample was regarded as a control (t ϭ 0 min) and kept at Ϫ20°C until needed for protein extraction (dimethyl sulfoxide serves as a cryoprotectant against lysis during freeze-thawing). Immediately, a freshly made cycloheximide (Sigma) stock solution (10 mg/ml) in HL5 medium was added to the axenically growing culture to a final concentration of 1 mg/ml. Following the addition of cycloheximide, a number of samples were taken from the axenic culture in an identical manner at the 5th, 10th, 20th, 60th, 90th, 120th, and 180th min after the addition of cycloheximide. Protein extraction from all samples and the subsequent Western analysis were performed as described above using rabbit polyclonal antibodies against GFP and the leader peptide.
RESULTS
Targeting chaperonin 60-GFP fusion proteins to the mitochondria: effect of varying the length of the chaperonin 60 N-terminal sequence. To facilitate the import of GFP into mitochondria, we used N-terminal portions of Dictyostelium chaperonin 60, a nucleus-encoded mitochondrial protein (23) . Most mitochondrial proteins are synthesized with N-terminal matrix-targeting presequences, which carry the information for mitochondrial recognition and import. A previous report predicted the mitochondrial targeting signal of Dictyostelium chaperonin 60 to be located at the N terminus, as the first 18 amino acids share a conserved structural motif for mitochondrial presequences: the ability to form a positively charged amphiphilic ␣-helix (23) . Based on the consensus recognition sequence RX2XS (41), a potential mitochondrial peptidase recognition site (RN2YS) (Fig. 1B) was also predicted in the location of residues 15 to 18 with the cleavage site after residue 16 (23) , while the web-based program MitoProt II 1.0a4 predicted a mitochondrial peptidase cleavage site at amino acid 18.
To identify the signal on chaperonin 60 that might be required for mitochondrial import, we therefore chose five truncated N-terminal regions (the first 23, 40, 80, 97, and 150 amino acids) to fuse with GFP and express in the Dictyostelium expression vector pA15GFP under the control of the actin-15 promoter. In parallel, an N-terminal region (the first 82 amino acids) of the mitochondrial DNA topoisomerase II (TopA) was also analyzed as a positive control (22) . The constructs were used to transform D. discoideum AX2 cells, and the transformants were tested to determine the subcellular distribution of GFP using epifluorescence microscopy. These results (Fig. 1A) verified that the N terminus of chaperonin 60 harbors a targeting signal which is sufficient to direct the import of a passenger protein into mitochondria. However, the first 23 amino acids of chaperonin 60 were found insufficient to constitute a competent mitochondrial targeting signal for targeting GFP to the mitochondria, whereas the first 40 (or more) amino acids did provide a sufficient signal for targeting.
Targeting GFP chimeric proteins to the mitochondria limits expression at the translational level. Based on fluorescence microscopy, the total activity of mitochondrially targeted GFP fusion proteins was found to be significantly lower than that of cytoplasmic GFP, and surprisingly, this phenomenon was found consistent among all transformants and for all constructs. Under the fluorescence microscope, every cell in a population expressing cytoplasmic GFP fluoresced much more strongly and required much shorter exposure times than those expressing GFP targeted to the mitochondria (typical examples are shown in Fig. 2A) . Fluorometry on suspensions of 5 ϫ 10 6 cells/ml showed that cell lines expressing cytoplasmic GFP were 60-to 80-fold more fluorescent than those expressing mitochondrially targeted GFP (Fig. 2B) .
The following possibilities were considered for the comparatively low fluorescence of the targeted forms of GFP: (i) reduced expression of the fusion genes, i.e., the production of mRNAs may be restricted or the degradation of the mRNAs may be enhanced due to unwanted effects of the extended leader sequence, (ii) translational inhibition, i.e., the synthesis of the targeted fusion proteins may be limited due to an interaction between the processes of translation and mitochondrial import (for such translational inhibition to occur, translation has to be coupled with mitochondrial import, i.e., cotranslational import), (iii) the targeted fusion proteins may have a high turnover rate compared to that of the nontargeted forms, due to either the presence of the extended leader peptide or physiological differences between the cytoplasmic and the intramitochondrial environment, or (iv) the additional amino acids of the leader peptide may interfere with the correct folding of mitochondrially targeted GFP fusion proteins. To investigate the foregoing possibilities, the distinction between targeted and nontargeted GFP was studied at both the transcriptional and translational levels. Figure 3A shows that the levels of GFP mRNA for targeted and nontargeted GFP do not correlate with the differences in GFP fluorescence. However, in Western analysis, the amount of GFP protein is significantly higher for the nontargeted than the targeted forms, and this correlates with their corresponding GFP fluorescence. These results exclude the possibility that reduced transcription is the reason for the low fluorescence of mitochondrially targeted GFPs and suggest instead that the reduced fluorescence of the targeted GFPs is due either to decreased levels of translation or to increased rates of turnover of the imported protein. We therefore tested whether mitochondrial GFP was turned over rapidly by examining its stability after cycloheximideinduced inhibition of protein synthesis. The targeted forms of GFP were also found to be highly stable in cycloheximidetreated cells, with only slight decreases in the amount of protein even after 3 h (Fig. 3B) . The results were quite different when the same experiment was conducted on cells expressing Cpn23.GFP, the nontargeted form of GFP carrying the first 23 amino acids of chaperonin 60 at its N terminus. Figure 3C shows that cells expressing Cpn23.GFP contain two GFP isoforms differing in apparent molecular mass by about 2.5 kDa. The use of a rabbit polyclonal antibody against the first 18 amino acids of the chaperonin 60 leader peptide (Mimotopes) revealed that only the larger isoform included the chaperonin 60 prepeptide. After protein synthesis was stopped by cycloheximide treatment, the leader peptide of this nontargeted GFP was gradually degraded and the larger GFP isoform gradually disappeared, and this was accompanied by a concomitant increase in the amount of the smaller isoform. By contrast, GFP itself was found to be quite stable, with only slight reductions in the amount of the smaller isoform by 3 h. These results are consistent with GFP's complete resistance to in vitro proteolytic degradation (unpublished data). Cytosolic degradation of the leader peptide suggests that it is in an unfolded or partially unfolded state in the cytoplasm, whereas the GFP itself forms a tightly folded protease-resistant structure. Ni and coworkers reported similar cytosolic degradation of the aldehyde dehydrogenase leader peptide on enhanced GFP fusion proteins in HeLa cells (31) . These authors found that inefficient import of the fusion protein due to mutations in the leader sequence resulted in cytosolic accumula- FIG. 3 . Mitochondrially targeted GFP expression is limited at the translational level. (A) Targeted (mitochondrial) and nontargeted (cytoplasmic) GFP expression at both the protein and mRNA levels. Cells were harvested from bacterial lawns as described in Materials and Methods and were aliquoted for Northern and Western analysis (see Materials and Methods). All tracks in the SDS-PAGE gels were loaded with similar amounts of protein (22 to 24 g). PCR-amplified GFP sequence was labeled with DIG as described in Materials and Methods and was used to detect the level of GFP mRNA in Northern analysis. In Western analysis, the level of GFP was detected with rabbit polyclonal anti-GFP (Invitrogen Molecular Probes), and the molecular masses of the observed bands are shown below. AX2 cells were used as negative controls in both Northern and Western analysis. (B) The stability of the mitochondrially targeted GFP fusion proteins was tested after cycloheximide-induced translational arrest as described in Materials and Methods. Briefly, aliquots of cells expressing mitochondrially targeted GFP were taken from axenic culture at log phase just before and at specific times (mentioned above) after the addition of cycloheximide to 1 mg/ml, and the level of GFP fusion proteins was detected with anti-GFP in Western analysis. (C) Stability of the nontargeted GFP fusion protein Cpn23GFP was tested after translational arrest induced by 1 mg/ml cycloheximide. Both the GFP itself and the leader peptide were detected in Western blots. Molecular masses are indicated on the left side of the blot. tion of enhanced GFP lacking the mitochondrial leader peptide. The slow turnover of the leader peptide of Cpn23.GFP in the cytosol confirmed that the cycloheximide treatment had been effective in halting protein synthesis and in allowing detection of possible degradation of the GFP. The stability of the mitochondrially targeted GFP forms after cycloheximide treatment thereby rules out the possibility of high turnover rates as the explanation for low levels of the targeted proteins compared to the nontargeted forms.
The rate of translation for the mitochondrially targeted GFP fusion proteins is limited. The foregoing results showed that the levels of the targeted forms of GFP are constrained only at the translational level and suggest a reduced rate of translation for these targeted forms in vivo. To verify this directly, we measured the relative rates of translation in vivo of targeted and nontargeted forms of the GFP. Cells were labeled with [
35 S]methionine, and GFP was immunoprecipitated at hourly intervals over the labeling period (see Materials and Methods). The relative rate of production of radiolabeled GFP during the labeling period was used as a measure of in vivo GFP translation rate. As shown in Fig. 4 , the rate of radioactive Cpn23.GFP (nontargeted GFP) synthesis is much higher than that of either Cpn40.GFP or Cpn150.GFP (targeted GFPs). This was true regardless of whether the incorporation was measured relative to that for Cpn23.GFP after 3 h (Fig.  4A) or relative to the incorporation of radiolabel into total cellular protein (Fig. 4B) . The rate of incorporation of radioactivity into total cellular protein in the whole-cell extract was quite comparable in the different cell lines (Fig. 4A, inset, and B, inset). We conclude that the rate of translation of mitochondrially targeted GFP is low compared to that of the cytosolic, nontargeted form.
GFP mRNA is associated with isolated mitochondria, supporting evidence for cotranslational import. During cotranslational import into mitochondria, the mRNA encoding the protein to be targeted must be associated with the mitochondrial surface. Other studies have suggested that, during cotranslational import into mitochondria, the mRNA encoding the protein to be targeted is localized on the mitochondrial surface as a part of the NAC complex (9, 11) or by means of cis-acting signals within the mRNA molecule (5, 26) Therefore, we determined whether GFP mRNA is associated with isolated mitochondria. In Northern analysis on isolated mitochondria, GFP mRNA was detected in all GFP transformants (Fig. 5A) . As an internal loading and positive control, we probed for the small subunit rRNA (rns) of mitochondria (2). As a negative control for specificity of the GFP probe, we used RNA from isolated mitochondria of the parental nontransformed strain AX2. To eliminate the possibility of cytoplasmic mRNAs contaminating mitochondrial fractions as an artifact during the preparation of isolated mitochondria, we isolated mitochondria from a Dictyostelium cell line (HPF275) overexpressing a calcium-sensitive photoprotein, aequorin, in the cytoplasm (30) . As shown in Fig. 5B , aequorin mRNA was detected in the whole-cell extract but not in the mitochondrial fraction.
Interestingly, GFP mRNAs encoding nontargeted proteins (pA15GFP and Cpn23.GFP) were also associated with mitochondria. Therefore, our results suggest that targeting of the GFP mRNA to the mitochondria does not depend upon the presence of a functional mitochondrial prepeptide in an al- 35 S]methionine for 3 h, and at hourly intervals, the incorporated radioactivity was detected in both the whole-cell extract and the immunoprecipitated GFP (see Materials and Methods). Radioactive signals were subjected to densitometric analysis using a Storm phosphorimaging system (Amersham Biosciences). In each experiment, the intensity of the radioactive GFP signal was normalized as a percentage of the maximum signal obtained (the Cpn23GFP signal at 3 h). The chart includes data from three independent experiments. Error bars represent standard errors of the mean. The inset shows the images of the radioactive signals from both the whole-cell extract and the immunoprecipitated GFP from one representative experiment. (B) Incorporation of radioactivity into immunoprecipitated GFP relative to the incorporation into total cellular protein. The inset shows the densitometric values for the total protein radioactive signal at hourly intervals. Negative controls using wild-type (AX2) cells (not expressing any GFP isoforms) showed similar levels of incorporation of radioactivity into total protein but no labeled GFP signal in immunoprecipitates (not shown). (17, 38) . The somewhat larger amounts of mitochondrially associated mRNA for the targeted GFPs suggested that translation and import of the targeted forms may stabilize the association of the mRNA with the mitochondrial surface. To investigate this possibility, we conducted further extensive washing of the mitochondria in the presence of EDTA. This treatment has been reported previously to release mitochondrion-bound polysomes (5). Although extensive EDTA washing reduced the GFP mRNA levels associated with the mitochondria of all transformants, the association for the mitochondrially targeted forms was relatively more resistant to this treatment than that of the nontargeted forms (Fig. 5C) . The results suggest that GFP mRNA is transported to the mitochondria regardless of the presence of an import-competent leader peptide in the encoded protein but that the resulting association of the mRNA with the mitochondrial surface is stabilized by the leader peptidedependent protein import process.
The mRNA of mitochondrially targeted aequorin is not associated with the mitochondrial surface, and its translation is not limited by polypeptide import into the mitochondria. In the preceding experiments, GFP mRNA was associated with the mitochondrial surface regardless of the presence or absence of a mitochondrial prepeptide in the encoded protein sequence. However, the presence of an import-competent prepeptide both stabilized the mRNA-mitochondrion association and limited the rate of translation. This raised the question of whether the presence of an import-competent mitochondrial leader peptide would be sufficient on its own to cause an association of the corresponding mRNA with the mitochondrial surface and produce import-associated translational inhibition. Aequorin presented itself as an ideal test protein to investigate this question, since the preceding experiments showed that, unlike GFP mRNA, the mRNA for cytosolic aequorin did not bind to the mitochondrial surface. We therefore made a series of constructs in which the aequorin coding sequence replaced that of GFP. Aequorin has a molecular mass of 22.5 kDa, close to that of GFP (27 kDa). The constructs were transformed into the same parental strain AX2. We confirmed by immunofluorescence microscopy (unpublished data) and by Western blotting using a rabbit polyclonal antibody against aequorin that the first 23 amino acids of chaperonin 60 were insufficient to target the aequorin to the mitochondria, while the longer prepeptides were import-competent, as was the case with GFP. Figure 6A shows that, as was the case with GFP, the expression of aequorin mRNA was unaffected by whether or not the encoded polypeptide included an import-competent mitochondrial prepeptide. Unlike GFP mRNA, however, we failed to detect aequorin mRNA with isolated mitochondria even from those transformants expressing mitochondrially targeted aequorin (Cpn40.Aeq and Cpn150.Aeq) (Fig. 6B) . These results suggest that, unlike GFP import, aequorin import into mitochondria is a posttranslational rather than a cotranslational process. In keeping with this conclusion, we did not observe any import-associated translational inhibition with the targeted forms of aequorin-the protein levels were quite similar for both targeted and nontargeted aequorin fusion proteins (Fig. 6C) .
Mitochondrially targeted GFPs do not interfere with the expression and import of other mitochondrial proteins. The results in the preceding sections showed that the expression of mitochondrially targeted GFPs is limited at the translational level, suggesting that translation is coupled to and limited by import into the mitochondria. This raised the possibility that import of the mitochondrially targeted GFPs was stalling and potentially blocking or limiting the import not only of the GFPs but also of native mitochondrial proteins. If this were so, it would be reflected by the overall cell physiology and would adversely affect cellular growth rates. We therefore measured the generation times in HL5 medium of exponentially growing transformants expressing either targeted or nontargeted GFPs. In multiple growth experiments, all of the various transfor- (30) was used as a positive control for cytoplasmic aequorin. The level of aequorin mRNA was detected with the PCR-amplified aequorin sequence labeled with DIG as described in Materials and Methods, and the mitochondrial small subunit rRNA gene of Dictyostelium (2) (rns, lower row) was used as a loading control. (B) Similar Northern analysis performed on the mitochondria isolated from aequorin transformants. (C) Western analysis on whole-cell extracts of AX2 cells and transformants expressing either targeted or nontargeted aequorin. Ndk60.Aeq represents a transformant expressing a mitochondrially targeted aequorin fusion protein, where the first 60-amino-acid coding sequence of a precursor to Dictyostelium nucleoside diphosphate kinase was fused to the aequorin sequence by spliced-overlap PCR as described in Materials and Methods. The upper panel shows the level of GFP detected using an affinity-purified commercial polyclonal antibody against aequorin (AbCam), and the corresponding molecular masses were shown below. For SDS-PAGE, the whole-cell extracts were quantified using a Bio-Rad reagent according to the supplier's instructions, and similar amounts of proteins were loaded in each lane as shown by the level of SdhA as a loading control in the lower panel. mants and the wild-type untransformed strain AX2 exhibited comparable generation times within a range from 9 to 13 h. Table 2 shows the generation time from one representative experiment for each transformant. The development of these Dictyostelium transformants in response to starvation was also similar to that of wild-type cells (unpublished data). The results indicate that the expression and import of mitochondrially targeted GFPs has no significant adverse effect on the expression and import of native mitochondrial proteins. To verify directly if this is so, we examined the levels of a representative nucleus-encoded mitochondrial protein, the catalytic subunit of succinate dehydrogenase (SdhA). The mature form (64 kDa) of Dictyostelium SdhA appeared at similar levels in AX2 and in all GFP transformants (regardless of the expression of either targeted or nontargeted GFP) both in whole-cell extracts ( Fig. 7) and in mitochondrial extracts (data not shown). There is, therefore, no evidence that the targeted forms of GFP either saturate mitochondrial import channels or limit the rate of import or synthesis of other mitochondrial proteins. We conclude that the import-associated translational inhibition we observe is specific to the GFP itself and does not reflect a general impairment of expression or import of mitochondrial proteins.
DISCUSSION
Much of our current understanding of the process of mitochondrial protein import has been generated by widely used in vitro import reactions due to their experimental flexibility and relative simplicity. Nearly all studies on mitochondrial protein import have been performed on in vitro systems, which have contributed enormously in defining the import apparatus. In these in vitro import reactions, purified or in vitro-synthesized precursor proteins are added to isolated mitochondria in a reaction mixture made as comparable as possible to the intracellular environment. However, these extracellular import systems do not truly represent the intracellular environment, as many unknown factors or parameters are likely to be missing in these systems. Most importantly, the consequences of cotranslational import are completely absent in most in vitro reactions which, by virtue of their design, are biased for posttranslational import. The fact that a precursor protein can be imported in vitro into mitochondria in a posttranslational manner does not preclude it from being imported cotranslationally in vivo. It should be borne in mind that the intracellular environment is structurally and compositionally much more complex than in vitro systems so that precursor proteins may be expected to behave differently in vivo.
Mitochondrial protein import is initiated by interaction of the N terminus of the polypeptide with the import apparatus in the mitochondrial outer membrane (33) . It has been suggested that, in principle, such interaction can take place as soon as the nascent N terminus becomes available in the proximity of the import apparatus. If the precursor synthesis continues in close proximity with the mitochondria, then protein import can be initiated long before protein synthesis is complete, i.e., the import is likely to proceed in a cotranslational rather than posttranslational manner. It has been proposed that, in the highly structured intracellular environment of eukaryotic cells, mitochondrial protein synthesis actually takes place in localized domains close to the mitochondria rather than on free ribosomes in the cytoplasm (40) . It may be a more energyconsuming process for cells to transport precursor proteins to the mitochondria, and it has also been suggested that some mitochondrial proteins can only be imported into mitochondria in a cotranslational manner, as the posttranslational import may be unachievable or less efficient due to the nature of the protein. Fumarase, the Krebs cycle enzyme, is a good example of a precursor protein which needs to be imported cotranslationally (21) . In in vitro import systems, the precursor of fumarase cannot be successfully imported due to the rapid folding of the protein. The precursor protein becomes trapped in the import channel in vitro after the processing of the Nterminal end while the major part of the polypeptide stays outside the channel in a folded conformation. In vivo, this processed and folded polypeptide is released from the channel and remains active in the cytosol. Interestingly, the fumarase precursor was efficiently imported into mitochondria in a coupled translation-import reaction (reviewed in reference 24).
Our results suggest that the import of GFP fusion proteins into mitochondria also occurs cotranslationally in D. discoideum in vivo. Based on a comparative study of mitochondrially targeted and nontargeted GFP fusions proteins, our results demonstrate that the abundance of targeted GFP fusion proteins is restricted by a limited translation rate. Our observation suggests a novel phenomenon for mitochondrially targeted proteins: import-associated translational inhibition, in which the translational limitation appears to be a consequence of a cotranslational import into mitochondria. The inhibition was restricted to the mitochondrially targeted GFP itself and did not interfere with the import of other mitochondrial proteins in the same cell, with the result that growth rates and the expression of a representative mitochondrial protein, SdhA, were both unaffected.
In support of the conclusion that mitochondrially targeted GFP is imported cotranslationally, we found a strong association of GFP mRNA with the mitochondrial surface. Elucidation of the mechanism of mRNA localization at the mitochondrial surface has recently begun, and the mRNA has been found to be transported to its target in the form of a large ribonucleoprotein complex which contains a large number of FIG. 7 . Expression of Dictyostelium succinate dehydrogenase subunit A (SdhA) in wild-type and GFP transformants. Dictyostelium wild-type cells (AX2) and GFP transformants were grown axenically, and Western analysis was carried out with whole-cell extracts from log-phase cells using rabbit polyclonal antibodies against Dictyostelium succinate dehydrogenase subunit A (SdhA) as described in Materials and Methods. For SDS-PAGE, protein concentrations were measured using a Bio-Rad reagent according to the supplier's instructions, and approximately 22 to 24 g of protein was loaded in each lane. The molecular mass of the observed band is shown on the right side of the blot (64 kDa). mRNAs and proteins (see reference 17 for a review). A cisacting targeting signal for some mRNAs, which is conserved from yeast to humans, has been shown to reside in the 3Ј UTR (38) . This targeting sequence has the ability to target an otherwise nonlocalized mRNA to the mitochondria (see reference 17 for a review). We found in this work that aequorin mRNA did not associate with the mitochondria while the GFP mRNA did, regardless of the presence or absence of an import-competent leader peptide sequence. Since the only difference between our GFP constructs and corresponding aequorin constructs is the protein coding sequence, our results indicate the presence of an mRNA targeting signal within the GFP coding sequence.
The presence of an mRNA targeting signal in the GFP mRNA must be serendipitous, since GFP is not a native mitochondrial protein. In S. cerevisiae, it has been shown that a conserved sequence in the 3Ј UTR of a number of mRNAs is responsible for targeting the mRNA to the mitochondrial surface. In the case of one of these, ATP2, the targeting signal has been localized experimentally to a 101-nucleotide region (nucleotides 50 to 150) and ascribed to a 70-nucleotide stem-loop structure in this region (27) (Fig. 8) . To determine whether any serendipitous sequence identity existed between this targeting signal and the GFP or aequorin coding sequences, we performed lfasta (32) sequence alignments using 232 nucleotides of the ATP2 3Ј UTR and the complete coding sequence of each of the two test proteins. We found no significant alignments with the aequorin sequence, but the first 67 nucleotides of GFP shared 56.2% identity with nucleotides 65 to 137 of the ATP2 3Ј UTR. The mfold program (45) predicted a long stem-loop structure for the first 100 coding nucleotides of the GFP mRNA that exhibits striking similarities with the predicted secondary structure of the ATP2 mRNA targeting signal (Fig. 8) . We also used the FOLDALIGN (16) server (http: //foldalign.kvl.dk) to search for significant local RNA structural alignments between nucleotides 50 to 150 of the ATP2 3Ј UTR and the GFP and aequorin mRNA coding sequences. In addition to the 5Ј stem-loop already identified, we found by this means two additional long stem-loops in the middle and near the 3Ј end of the GFP mRNA (Fig. 8) . However, we found no similar, long stem-loops in the aequorin mRNA coding sequence. These results suggest that the GFP but not the aequorin mRNA may mimic in up to three places the secondary structure of a conserved targeting signal that directs the mRNA of some mitochondrial proteins to the mitochondrial surface. It would be of interest in future studies to verify whether one or more of these stem-loops is sufficient to direct passenger mRNA molecules to the mitochondrial surface in Dictyostelium.
Having found its way to the mitochondrial surface, the GFP mRNA is translated at a rate that depends upon whether the encoded polypeptide is imported or not. There are at least three ways in which import could limit the rate of translation. Firstly, during cotranslational import, the rate of translocation of the nascent polypeptide through the import pore may directly limit the rate of polypeptide extension and release from the ribosome. Secondly, the number of active translational complexes may be limited by the availability of import channels. This situation would be analogous to cotranslational translocation into the endoplasmic reticulum (ER), where it FIG. 8. Comparison of predicted secondary structures of the Saccharomyces cerevisiae ATP2 mRNA mitochondrial targeting signal and sections of the GFP mRNA. Regions of sequence and/or structural similarity between the ATP2 3Ј UTR and the GFP mRNA were found using the lfasta program (32) and the FOLDALIGN web server (http: //foldalign.kvl.dk/server/index.html). The Burnet Institute Mfold Server (http://mfold.burnet.edu.au/) was used to predict secondary structures for stretches of 100 bases containing the aligned regions: nucleotides (nt) 50 to 149 of the 3Ј untranslated region of the S. cerevisiae ATP2 mRNA and nucleotides 1 to 100, 300 to 399, and 600 to 699 of the GFP mRNA. (12, 29) . Similar translational arrest may be expected for cotranslational translocation into the mitochondria if the interaction between the NAC complex and the mitochondrial import apparatus is delayed or infrequent. A third possible explanation for the translational inhibition observed in this report is that polypeptide synthesis contributes to the driving force for import so that synthesis is less energetically favorable. As the SRP receptor and a complex (Sec61p complex) on the ER membrane are sufficient for translocation of preproteins (14), it has been speculated that the major driving force for cotranslational import into the ER might come from the elongation of the polypeptide chain on the ribosome (28) . If the elongation process is exploited to contribute driving force for cotranslational import, then the process of elongation (synthesis) during cotranslational import is expected to be suppressed compared to the synthesis on free cytosolic ribosomes. Our results do not allow us to distinguish between these various mechanisms for import-associated translational inhibition, nor do they reveal whether the translation of native mitochondrial proteins expressed under the control of their endogenous promoters is ever limited by the import process.
Regardless of whether import-associated inhibition of translation is physiologically relevant to normal mitochondrial biogenesis, its occurrence in the GFP case in this study and the association of the GFP mRNA with the mitochondrial surface have revealed that mitochondrial protein import can be cotranslational. That the same phenomena did not occur with otherwise identical constructs encoding a different test protein (aequorin) suggests that whether or not import proceeds cotranslationally depends upon whether or not the mRNA itself is targeted to the mitochondrial surface. It would be of interest to determine in microarray studies which of the endogenous mitochondrial proteins in Dictyostelium are encoded on mitochondrially targeted mRNAs. Such experiments in yeast led to the suggestion that the mitochondrially targeted mRNAs are those that encode mitochondrial proteins of ancient bacterial origin derived from the original protomitochondrial ancestor (26) .
